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HIGHLIGHTS 


►  Single  cell  presents  a  unique  dual-pore  anode  structure. 

►  The  dual-pore  anode  is  fabricated  by  a  facile  and  cost-effective  phase-inversion  technique  in  only  one-step. 

►  The  dual-pore  anode  reveals  excellent  rapid  gas  deliverability. 

►  Power  output  of  1.97  W  cnrr2  is  obtained  at  800  °C. 
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In  this  paper,  we  report  a  dual-pore  anode  supported  Sc203-stabilized-Zr02  (ScSZ)  electrolyte  planar 
SOFC  with  the  cell  configuration  of  Ni-YSZ|Ni-ScSZ|ScSZ|LSM-ScSZ|LSM  prepared  by  a  combination  of 
phase-inversion  and  dip-coating.  The  Ni-YSZ  anode  substrate  is  fabricated  by  phase-inversion,  exhibiting 
an  asymmetric  dual-pore  structure.  A  Ni-ScSZ  anode  functional  layer  (AFL)  is  introduced  between  the 
ScSZ  electrolyte  and  the  Ni-YSZ  anode  substrate  by  dip-coating,  a  process  aims  at  increasing  the  three- 
phase  boundaries  at  the  anode/electrolyte  interface.  A  single  cell  with  this  unique  anode  structure  is 
successfully  fabricated,  demonstrating  maximum  power  densities  of  0.76, 1.04, 1.32  and  1.97  W  cm-2  at 
650,  700,  750,  and  800  °C,  respectively,  with  humidified  (3vol%  H20)  hydrogen  as  the  fuel  and  oxygen  as 
the  oxidant.  The  microstructure  morphologies  of  the  SOFC  are  examined  by  SEM  and  comparisons  of  gas 
permeability  for  dual-pore  and  conventional  anodes  are  also  investigated. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  order  to  alleviate  global  warming  and  environmental  pollu¬ 
tion,  solid  oxide  fuel  cells  (SOFCs)  have  emerged  as  a  novel  clean 
energy  production  technique.  Given  the  combined  advantages  of 
high  conversion  efficiency,  flexible  fuel  requirement  and  low 
environmental  impact  they  have  been  increasingly  researched  in 
recent  years  [1-3].  Tubular  and  planar  configurations  are  two 
typical  cell  designs  for  SOFCs  [4,5].  Compared  with  the  tubular 
SOFC,  the  planar  SOFC  has  several  advantages  such  as  shorter 
current  paths,  higher  power  density  and  reduced  manufacturing 
cost  [5-8]. 
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In  order  to  obtain  a  high  power  density  at  intermediate 
temperatures  (<1073  I<),  the  anode-supported  configuration  is 
proposed  because  of  the  lower  ohmic  polarization  from  the  thinner 
electrolyte  [6-8].  The  anode  substrate  is  generally  fabricated  by 
ceramic  manufacturing  process  such  as  tape-casting  [9-11  ]  or  dry¬ 
pressing  [12,13].  Anodes  prepared  by  these  two  methods  present 
a  homogeneous  structure.  Alternatives  such  as  graded  anodes  are 
fabricated  by  using  different  amounts  of  pore  formers  in  each  layer 
thus  achieving  a  fine  pore  structure  at  the  anode/electrolyte 
interface  and  more  unhindered  gas  chjannels  in  the  anode 
substrate  [14,15].  Such  fabricating  processes  are  complex  and  time- 
consuming. 

Since  the  pioneering  work  by  Loeb  and  Sourirajan  [16],  the 
phase-inversion  technique  has  been  widely  used  to  fabricate  gas 
separation  membranes  and  hollow  fibers  [17-19].  In  a  typical 
phase  inversion  process,  a  solution  consisting  of  polymer  and 
solvent  is  immersed  into  a  nonsolvent  coagulation  bath.  Inter¬ 
change  of  solvent  and  nonsolvent  due  to  the  diffusion  causes  the 
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casting  solution  to  go  through  a  phase  transition  by  which  the 
membrane  is  formed  [20].  Recently,  micro-tubular  SOFCs  prepared 
by  phase-inversion  have  been  reported  [21-24].  To  date  there  has 
been  little  focus  on  planar  SOFCs  although.  Jin  et  al.  [25]  fabricated 
an  anode  substrate  for  planar  SOFC  by  phase-inversion.  However, 
the  maximum  power  density  cell  performance  was  only  0.38  W 
cm-2  at  800  °C. 

In  this  paper,  a  Ni-YSZ  anode  substrate  with  a  dual-pore 
structure  has  been  prepared  by  phase-inversion  in  only  one- 
step.  Considering  the  higher  ionic  conductivity  of  SC2O3  stabi¬ 
lized  Zr02  (ScSZ)  than  that  of  Y2O3  stabilized  Zr02  (YSZ)  at 
intermediate-temperature  [26],  ScSZ  was  used  as  the  electrolyte 
material.  In  an  attempt  to  increase  the  three  phase  boundaries 
(TPBs)  at  electrolyte/anode  interface  the  Ni-ScSZ  anode 
functional  layer  (AFL)  was  introduced  between  the  ScSZ  elec¬ 
trolyte  and  the  Ni-YSZ  anode  substrate  by  dip-coating.  Finally, 
a  single  cell  with  a  five-layer  structure  was  successfully  fabri¬ 
cated  consisting  of  Ni-YSZ|Ni-ScSZ|ScSZ|LSM-ScSZ|LSM  layers 
and  exhibiting  a  unique  anode  structure  and  superior  cell 
performance. 

2.  Experimental 

The  NiO-YSZ  anode  substrate  with  a  dual-pore  structure  was 
prepared  by  phase-inversion.  NiO  (High  Purity  Chemicals,  Japan) 
and  8YSZ  (TZ-8Y,  Tosoh  Co.,  Japan)  powders  (NiO:YSZ  =  60:40  by 
weight)  were  used  as  the  anode  materials.  Corn  starch  was  used  as 
the  pore  former.  Polyethersulfone  (PESf,  E2010,  BASF,  Germany) 
was  used  as  the  binder.  N-methyl-2-pyrrolidone  (NMP)  and  poly¬ 
vinylpyrrolidone  (PVP)  were  employed  as  the  solvent  and  disper¬ 
sant,  respectively.  NiO,  YSZ  and  corn  starch  were  added  into  the 
polymer  solution  prepared  by  dissolving  PESf  and  PVP  into  NMP. 


The  mixtures  were  ball-milled  for  48  h  to  obtain  the  well-dispersed 
slurry.  The  slurry  was  degassed  for  20min,  after  which  it  was 
poured  into  a  round  mold  (diameter  of  20  mm).  The  mold  was 
immersed  into  deionized  water  for  24  h.  The  as-prepared 
membrane  was  then  dried  overnight.  Finally,  the  sample  was  pre¬ 
calcined  at  1100  °C  for  2  h. 

NiO  and  10  mol%Sc203-Zr02  (ScSZ,  Tero  Chemical  Co.,  China) 
were  the  materials  used  for  the  anode  functional  layer  (AFL).  The 
NiO-ScSZ  AFL  and  thin  ScSZ  electrolyte  film  were  prepared  by  dip¬ 
coating,  as  described  elsewhere  [27].  After  the  ScSZ  dip-coating 
process,  the  anode  and  ScSZ  film  were  co-sintered  at  1,400  °C  for 
6  h.  La0.8Sr0.2lVInO3  (LSM,  Nextech,  USA)  and  ScSZ  powders  were 
used  as  the  cathode  materials.  The  LSM-ScSZ  cathode  functional 
layer  (LSM:ScSZ  =  60:40  by  weight)  and  the  LSM  current  collecting 
layer  were  fabricated  by  the  screen-printing  method,  and  then 
sintered  at  1200  °C  for  2  h.  Finally,  a  single  cell  with  the  afore¬ 
mentioned  five-layer  structure  of  Ni-YSZ|Ni-ScSZ|ScSZ|LSM- 
ScSZ|LSM  was  obtained. 

The  microstructures  of  the  cell  were  characterized  by  scan¬ 
ning  electron  microscopy  (SEM,  FEI  Quanta  200F,  Netherlands). 
Gas  permeation  tests  were  performed  using  nitrogen  gas 
(99.99%  pure  N2)  at  gauge  pressures  of  between  0.5  x  105  Pa  and 
2.5  x  105  Pa  at  room  temperature.  The  nitrogen  flow  rate  was 
measured  by  a  thermal  mass  flowmeter  (5886,  NICETY,  China). 
Before  the  gas  permeation  test,  the  anodes  were  reduced  at 
800  °C.  The  electrochemical  performance  of  the  cells  was 
measured  by  Arbin  Equipment  (USA)  with  50  seem  of  humidi¬ 
fied  (3vol%  H20)  hydrogen  as  the  fuel  and  100  seem  oxygen 
as  the  oxidant.  An  electrochemical  system  (PARSTAT  2273)  was 
employed  for  EIS  measurement.  The  impedance  frequency 
range  was  from  10  mHz  to  1  MHz  with  a  signal  amplitude  of 
10  mV. 


Fig.  1.  Cross-sectional  SEM  images  of  the  electrolyte/anode  half  cell  after  testing:  (a)  overall  view;  (b)  interface  of  sponge-like  pores  and  finger-like  pores,  (c)  electrolyte/anode 
interface,  and  (d)  surface  of  finger-like  pores. 
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3.  Results  and  discussion 

Fig.  la)  presents  the  cross  sectional  morphology  of  the  electro¬ 
lyte/anode  half  cell  after  testing.  It  can  be  seen  that  Ni-YSZ  anode 
substrate  exhibits  an  asymmetric  dual-pore  structure.  The  finger¬ 
like  pores  provide  convenient  channels  for  fuel  gas  diffusion.  The 
formation  mechanism  of  the  finger-like  pores  can  be  explained  by 
the  viscous  fingering  phenomenon  [28,29].  Under  the  finger-like 
porous  layer,  there  is  a  sponge-like  porous  layer.  As  shown  in 
Fig.  lb),  the  finger-like  pores  are  orthogonal  to  the  sponge-like 
porous  layer,  and  these  layers  are  coherent.  The  thickness  of  the 
sponge-like  porous  layer  is  about  130  pm  Fig.  lc)  shows  the  inter¬ 
facial  microstructure  of  the  electrolyte  and  the  anode.  A  36-pm- 
thick  ScSZ  electrolyte  film  was  successfully  fabricated  on  the  anode. 
The  ScSZ  electrolyte  is  dense  without  any  cracks,  and  adheres  well 
to  the  Ni-ScSZ  AFL.  The  thickness  of  the  Ni-ScSZ  AFL  is  about  20  pm. 
Again  the  Ni-ScSZ  AFL  and  the  finger-like  porous  layer  of  the  Ni-YSZ 
anode  substrate  are  coherent.  It  also  can  be  observed  that  the 
finger-like  pores  are  also  orthogonal  to  the  Ni-ScSZ  AFL.  Such 
a  structure  could  facilitate  the  fuel  gas  distribution  throughout  the 
TPBs  in  the  Ni-ScSZ  AFL.  In  addition,  the  microstructure  of  Ni-ScSZ 
AFL  is  much  finer  than  that  of  the  finger-like  porous  layer,  and  the 
decreased  pore  sizes  will  be  beneficial  for  expanding  TPBs  at  the 
anode/electrolyte  interface.  The  surface  morphology  of  the  finger¬ 
like  pores  (prepared  by  removing  the  sponge-like  porous  layer) 
presents  a  honeycomb  skeleton  structure,  and  one  finger-like  pore 
is  round  and  interconnected,  as  shown  in  Fig.  Id). 

The  pore  structure  of  the  porous  media  influences  the  gas 
permeability.  The  anode  substrate  as  the  thickest  component  of  the 
anode-supported  SOFC  should  have  sufficient  unhindered  pores  for 
the  fuel  gas  diffusion.  Fig.  2  shows  the  comparison  of  the  gas 
permeabilities  of  the  dual-pore  anode  with  pore  former  (marked  as 
DPA-A),  the  dual-pore  anode  without  pore  former  (marked  as  DPA- 
B),  the  finger-like  porous  layer  (prepared  by  removing  the  sponge¬ 
like  porous  layer)  and  the  conventional  anode  prepared  by  tape¬ 
casting  (marked  as  TPA)  [11].  The  finger-like  porous  layer  pres¬ 
ents  the  highest  gas  permeability,  indicating  that  the  finger-like 
pores  are  good  channels  for  fuel  gas  diffusion,  as  shown  in  Fig.  2. 
The  gas  permeabilities  of  DPA-B  are  higher  than  that  of  TPA  and 
much  lower  than  that  of  the  finger-like  porous  layer  at  different 
pressures.  The  sponge-like  pores  with  lower  porosity  confine  the 
fuel  transport,  resulting  in  the  lower  gas  permeability  of  DPA-B.  In 
order  to  increase  the  porosity  of  the  sponge-like  pores,  corn  starch 
was  added  as  pore  former.  It  can  be  seen  that  the  gas  permeabilities 
of  DPA-A  are  much  higher  than  that  of  DPA-B  at  all  pressure  ranges. 
For  example,  the  value  of  the  gas  permeability  of  DPA-A  is  about 
one  third  of  that  of  finger-like  porous  layer  and  23  times  of  that  of 
TPA  at  1.0  bar,  respectively. 

Fig.  3  shows  the  discharge  curves  of  the  cell  measured  at 
650-800  °C,  the  maximum  power  densities  reach  0.76, 1.04, 1.32 
and  1.97  W  cm-2  at  650,  700,  750,  and  800  °C,  respectively.  The 
performance  is  much  higher  than  that  observed  in  previous  study 
of  planar  cell  prepared  by  phase  inversion  (0.383  W  cm-2)  at  800  °C 
[25].  The  maximum  power  density  is  also  higher  than  that  of  the 
cell  prepared  by  tape-casting  (1.41  W  cm-2  [30])  at  800  °C.  The 
dual-pore  anode  delivered  excellent  fast  gas  deliverability  property, 
as  previously  mentioned.  Therefore  there  is  sufficient  fuel  gas 
entering  the  anode  active  region  through  the  anode  substrate, 
which  is  involved  in  the  electrochemical  reaction  at  the  anode/ 
electrolyte  interface. 

In  order  to  further  evaluate  the  performance  of  the  cell,  the 
electrochemical  impedance  spectra  ( EIS )  were  investigated  under 
OCV  conditions,  as  shown  in  Fig.  4.  The  intercepts  of  the  impedance 
arcs  on  the  real  axis  at  high  frequencies  correspond  to  the 
ohmic  resistance  (ffo),  and  the  intercepts  with  the  real  axis  in  the 


Fig.  2.  Gas  permeation  data  of  dual-pore  anodes,  finger-like  porous  layer  and  tape¬ 
casting  anode. 


low-frequency  region  represent  the  total  resistance  (ftj).  The 
overall  size  of  the  impedance  loop  is  attributed  to  the  interface 
resistance  (ftp),  including  activation  polarization  and  concentration 
polarization.  As  shown  in  Fig.  4,  the  total  and  ohmic  resistances 
decrease  with  increasing  operating  temperatures.  Each  curve 
consists  of  a  small  higher-frequency  arc  and  a  large  lower- 
frequency  arc  at  different  operating  temperatures.  And  these  arcs 
decrease  in  size  with  increasing  temperature.  In  previous  studies, 
the  low-frequency  arc  was  attributed  to  cathode  polarization  and 
the  anode  reaction  resistance  determined  the  high-frequency  arc 
[31,32].  Therefore,  we  believe  that  the  cathode  dominates  the  low- 
frequency  cell  polarization  resistance. 

Fig.  5a)  shows  the  interface  resistances  (ftp)  and  ohmic  resis¬ 
tances  (ffo)  of  the  dual-pore  anode  supported  cell.  As  the  operating 
temperatures  increase  from  650  to  800  °C,  the  total  resistances 
decrease  from  0.486  to  0.156  Q  cm2  while  the  ohmic  resistances 
decrease  from  0.093  to  0.058  Q  cm2.  This  can  be  explained  by  the 
increased  ionic  conductivity  of  the  electrolyte  and  faster  electrode 
kinetics.  The  resistances  are  much  lower  than  that  observed  in 
previous  studies  (ftT  is  ~0.92  Q  cm2  with  ftQ  of  ~0.15  Q  cm2  [25] 
and  ftj  is  0.47  Q  cm2  with  Rq  of  0.11  Q  cm2  [30]).  The  temperature 
dependences  of  the  interface  resistances  and  ohmic  resistances  are 


Current  density  (A  cm'2) 


Fig.  3.  Current-voltage  characteristics  and  the  corresponding  power  densities  as 
a  function  of  current  densities  for  dual-pore  anode  supported  SOFC 
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Fig.  4.  Impedance  spectra  for  the  cell  measured  under  the  OCV  conditions. 

plotted  in  Fig.  5b).  The  data  could  be  well  formulated  by  using 
Arrhenius  equation  [33],  The  activation  energies  belong  to  the 
interface  resistance  and  ohmic  resistance  can  be  obtained  base  on 
the  slopes  of  two  fitting  lines  in  Fig.  5b).  The  activation  energy  of 


Temperature  (°C) 

800  750  700  650 


Temperature  (°C) 

800  750  700  650 


Fig.  5.  (a)  Interface  resistances  (Rp)  and  ohmic  resistances  ( Rq )  of  the  dual-pore  anode 
and  conventional  anode;  (b)  temperature  dependence  of  Rp  and  Rq. 


the  interface  resistance  is  75.8  kj  mol-1  and  the  activation  energy 
for  the  ohmic  resistance  is  25.1  kj  mol-1.  High  performances  and 
reduced  resistances  in  this  work  are  mainly  attributed  to  the  unique 
anode  structure  and  enhanced  ion  transport  across  the  electrolyte 
as  well  as  optimized  electrode/electrolyte  interface. 

4.  Conclusions 

A  dual-pore  anode  supported  ScSZ-electrolyte  SOFC  was 
successfully  fabricated  by  a  combination  of  phase-inversion  and 
dip-coating.  The  Ni-YSZ  anode  substrate  was  prepared  by  a  facile 
phase-inversion  technique,  presenting  a  dual-pore  structure  which 
contained  a  finger-like  porous  layer  and  a  sponge-like  porous  layer. 
Compared  with  the  conventional  anode  prepared  by  tape-casting, 
the  dual-pore  anode  showed  good  fast  gas  deliverability  property. 
The  Ni-ScSZ  AFL  was  dip-coated  on  the  finger-like  porous 
layer,  expanding  the  TPBs  at  the  electrolyte/anode  interface.  The 
finger-like  pores  are  orthogonal  to  the  Ni-ScSZ  AFL.  Such  a  structure 
facilitates  the  fuel  gas  distribution  throughout  the  TPBs  in  the 
AFL.  A  single  cell  was  successfully  fabricated,  demonstrating 
the  maximum  power  densities  of  0.76, 1.04, 1.32  and  1.97  W  cm-2  at 
650,  700,  750,  and  800  °C,  respectively.  The  combination  of 
phase-inversion  and  dip-coating  offers  a  novel  approach  to  prepare 
planar  SOFC  with  unique  anode  structure  and  superior  cell 
performance. 
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